Aims: Latently infected resting CD4 T cells represent a major barrier to HIV-1 eradication efforts. The standard assays used for measuring this reservoir induce activation of resting CD4 T cells with either phytohaemagglutinin (PHA) with irradiated feeder cells, or with anti-CD3 antibodies. We designed a study to compare the sensitivity of a new assay (based on the stimulation of CD4 T cells with anti-CD3 and anti-CD28 coated microbeads) with that of the traditional PHAand feeder-based viral outgrowth assay. Methods: Resting CD4 T cells from 10 HIV-1-infected patients on suppressive combination antiretroviral therapy (cART) regimens were cultured in the traditional PHA/feeders viral outgrowth assay and the new CD3/CD28 bead-based assay. Flow cytometry was used to assess the kinetics of activation of resting CD4 T cells in the two different assays. Results: There was no significant difference in the sensitivity of the two assays. The median frequency of latently infected cells was 0.83 infectious units per million (IUPM) for the PHA/feeders assay and 0.54 IUPM with the CD3/CD28 bead-based assay. However, while virus was obtained from all 10 patients with the traditional PHA/feeders outgrowth assay, no virus was obtained from two of 10 patients with the novel anti-CD3/CD28 bead-based viral outgrowth assay (IUPM < 0.02).
Introduction
Combination antiretroviral therapy (cART) controls HIV-1 replication but is not curative due to the presence of a latent reservoir. Resting CD4 T cells are the best characterised cells in this reservoir [1] . Assays that measure this reservoir stimulate replication of latent virus through global activation of CD4 T cells [2] . Methods used to achieve this global activation include treatment with phytohaemagglutinin (PHA) and irradiated allogeneic feeders [3, 4] or with immobilised anti-CD3 and anti-CD28 antibodies [5] or a bispecific CD3/CD8 antibody that simultaneously activates CD4 T cells and depletes CD8 T cells [6] . Currently, the PHA/feeders quantitative viral outgrowth assay (QVOA) is considered the gold standard for measuring the size of the latent reservoir [4] . The assay induces activation of resting CD4 T cells by the addition of PHA in the presence of a 10-fold excess of irradiated allogeneic peripheral blood mononuclear cells (PBMCs). After overnight stimulation, the media containing PHA is removed and replaced with fresh media before CD4 lymphoblasts are added to propagate the virus. The need for the addition of feeders followed by a PHA removal step makes this assay costly and labour intensive. The development of alternative assays that are less costly and labour intensive is a major priority for the HIV-1 cure agenda [7] .
Antibody-based assays do not require the addition of feeders and are, therefore, less labour intensive. The first antibody-based assays used either immobilised anti-CD3 and anti-CD28 antibodies [5] or a soluble CD3/CD8 bispecific antibody [6] . The two assays were shown to have roughly the same sensitivity in a direct comparison [6] . However, recent studies have shown that anti-CD3/CD28-coated magnetic beads efficiently induce proviral transcription [8] , and are more effective at stimulating primary CD4 T cell growth than soluble anti-CD3 antibodies [9] . As such, we hypothesised that the more potent global stimulation and expansion of resting CD4 T cells induced by anti-CD3/CD28-coated microbeads would lead to better outgrowth of latent virus. We developed a viral outgrowth assay with these beads and performed a direct comparison of the sensitivity of this new assay to that of the standard PHA/feeders assay.
Methods

Patient cohort
Ten HIV-1-infected patients on suppressive cART for more than a year were enrolled in this study. The clinical characteristics of these patients are shown in Table 1 . The study was approved by the Johns Hopkins Institutional Review Board. All patients and HIV-negative donors provided written consent before participating in this study.
Isolation of resting CD4 T cells
PBMCs from either HIV-1-infected patients or healthy donors were isolated by Ficoll gradient centrifugation. CD4 T cells were isolated from bulk PBMCs by negative selection (Human CD4 T Cell Isolation Kit, Miltenyi Biotec). Resting CD4 T lymphocytes were further enriched by the depletion of cells expressing HLA-DR, CD25, and CD69 (Anti-HLA-DR Microbeads; CD25 MicroBeads; CD69 MicroBead Kit II; Miltenyi Biotec).
Viral outgrowth assays
Resting CD4 T cells from each patient were divided into two aliquots; one aliquot was used for the CD3/CD28 assay, the other for the PHA/feeders QVOA. We initially started with 25-30 replicates of 2×10 5 resting CD4 T cells. For the PHA/feeders assay 2×10 5 cells were cultured with 2.5×10 6 irradiated PBMCs from a heathy donor (feeders) in each well of a 24-well plate in 2 mL of RPMI 1640 (Thermo Fisher Scientific) containing 10% fetal bovine serum (Thermo Fisher Scientific), 100 U/mL IL-2 (Novartis), 1% Pen Strep (Thermo Fisher Scientific), 1% T cell growth factor (produced in-house, as described previously [4] ), and 0.5 μg/mL of PHA (Remel). For the bead-based assay 2×10 5 cells were cultured in each well of a 96-well plate in 200 μL of the media described above and 5 μL of anti-CD3/CD28-coated microbeads (ThermoFisher Scientific) for a bead to cell ratio of 1 : 1 as per the manufacturer's instructions. CD4 T cells were stimulated for 18 hours in both assays. For the PHA/feeders assay the PHA was washed off as previously described and 0.5-1×10 6 lymphoblasts were added to each well. For the bead-based assay, the cells and beads were re-suspended and transferred to 48-well plate wells with 0.5-1×10 6 lymphoblast per well. The beads were removed for flow cytometry but were present throughout the culture assay. A second round of 0.5-1×10 6 blasts were added to each well on day 9 for both assays.
In patients where virus was not obtained using multiple replicates of 200,000 CD4 T cells, the assay was repeated with 20-30 replicates of 10 6 resting CD4 T cells. For the PHA/feeders assay 1×10 6 cells were cultured with 10×10 6 irradiated feeders in each well of a six-well plate in 8 mL of RPMI containing 10% fetal bovine serum, 100 U/mL IL-2, 1% Pen Strep, 1% T cell growth factor, and 0.5 μg/mL PHA. For the bead-based assay, 1×10 6 cells were cultured in each well of a 48-well plate in 1 mL of the media described above and 25 μL of anti-CD3/CD28-coated microbeads. CD4 T cells were stimulated for 18 hours in both assays. For the PHA/feeders assay the PHA was removed and 2-4×10 6 lymphoblasts were added to each well. For the bead-based assay, the cells and beads were re-suspended and transferred to a 12-well plate with 2-4×10 6 lymphoblast added per well. A new round of 2-4×10 6 blasts were added to each well on day 9 for both assays. Lymphoblasts from the same healthy donors were used to amplify virus from the two assays for each patient and the same number of lymphoblasts per well were used for each assay in order to minimise the number of variables in the comparison. Supernatants from each well were tested for HIV-1 p24 protein by ELISA (Perkin Elmer) on day 12 and repeated on day 19 for the negative wells.
Flow cytometric analysis of activated resting CD4 T cells
To compare the activation levels achieved in the two assays, CD4 T cells were obtained from two HLA-A2 positive healthy donors and five chronic progressors. For each time point (Figure 1 ) 2×10 5 cells were plated in triplicate and stimulated as described above for the bead-based and PHA/feeders assays. The feeders were obtained from a HLA-A2 negative HIV-uninfected donor so that we could easily distinguish between the feeders and the purified resting CD4 T cells using an antibody specific for HLA-A2. After 18 hours of incubation, the cells from the standard assay were stained with CD3-PacBlue (BD), CD8-APC-H7 (BD), CD4-PE (BD), HLA-A2-PerCP-Cy5.5 (BioLegend), CD25-PE-cy7 (BD), HLA-DR-FITC (BD), CD38-APC (BD) and CD69-BV605 (BD). For the CD3/CD28 assay, the beads were removed prior to staining. Stained cells were analysed by flow cytometry on a LSRFortessa (BD). The procedure was repeated on days 2 and 3.
Data analysis
Flow cytometry data was analysed using FlowJo v10.0.7. All statistical analysis was performed in GraphPad Prism v6.01. A one-way ANOVA adjusted for multiple comparisons was used to assess differences between activation-marker expression at each time point (Figure 1) . A Wilcoxon matchedpairs signed-rank test was used for the remaining statistical comparisons (Figure 2 ). Frequencies of infected cells (IUPM) were based on the percentage of positive replicates and were calculated as previously described [4] .
Results
Stimulation with anti-CD3/CD28-coated microbeads results in faster activation of resting CD4 T cells
We first compared the level of immune activation achieved with the traditional PHA/feeders assay to that achieved with anti-CD3/ CD28-coated microbeads using resting CD4 T cells from two healthy donors. Analysis of T cell activation by flow cytometry showed that stimulation with microbeads resulted in faster activation of resting CD4 T cells as determined from the percentage of cells expressing very early (CD69) or early (CD25) activation markers ( Figure 1A) . Interestingly, the late activation markers, HLA-DR and CD38, were present at higher levels on cells stimulated with PHA and feeder. Similar results were obtained when the comparison was performed with resting CD4 T cells from three patients on cART ( Figure 1B ) and when all five subjects were analysed together, a significantly higher percentage of resting CD4 T cells stimulated with CD3/CD28 microbeads expressed CD69 and CD25 than CD4 T cells that were stimulated with PHA and feeders on each day. In contrast a significantly higher percentage of resting CD4 T cells stimulated with PHA and feeders expressed CD38 and HLA-DR than cells stimulated with CD3/CD28 on each day.
The sensitivity of the anti-CD3/CD28 bead-based assay is similar to that of the PHA/feeders assay We originally plated 25-30 replicates of 2×10 5 resting CD4 T cells per well from 10 subjects on cART (Table 1) for both assays. CD4 T cells from two of these patients (PT11 and PT12) were used in the comparative activation assay shown in Figure 1 . The median percentage of positive wells was 15% (range 0-40%) for the standard PHA/feeders assay and 10% (range 0-68%) for the bead-based assay. No virus was isolated from the PHA/feeders assay in one of the 10 patients tested (PT40) whereas no virus was obtained with bead-based assay in four out of 10 patients (PT8, PT14, PT21 and PT40). To improve the sensitivity of both assays, we repeated the experiment with more patient cells using 20-30 replicates of 1×10 6 resting CD4 T cells from the four patients from whom no virus was obtained in one or both assays (PT8, PT14, PT21 and PT40). While virus was amplified in all four patients with the PHA/feeders assay, no virus was amplified from PT21 and PT40 with the bead-based assay ( Figure 2B ). The median percentage of positive wells was 19% (range 13-40%) for the PHA/feeders assay and 5% (range 0-10%) for the bead-based assay. IUPMs were calculated using the 2×10 5 cell replicates for the six patients for whom virus was amplified with both assays. The 1×10 6 cell replicates were used to determine the IUPMs for the other four patients. No significant difference was observed between the frequency of latently infected resting CD4 T cells as measured by the PHA/feeders assay compared to the bead-based assay ( Figure 2C , Wilcoxon matched-pairs signed-rank test, P=0.5469). Moreover, there was a significant correlation between the frequency of latently infected cells measured in the two different assays ( Figure 2D , Pearson's correlation coefficient, r=0.8520, P=0.0017).
Discussion
The CD3/CD28 bead-based assay represents a less labour intensive way of culturing replication-competent virus. We compared the kinetics of T cell activation and efficiency of viral outgrowth in the two assays. While the bead-based assay induces more rapid stimulation of resting CD4 T cells than the PHA/feeders assay, the latter assay was more efficient at amplifying virus when replicates of 2×10 5 resting CD4 T cells were tested. The mechanisms responsible for the improved activation kinetics with the antibody coated microbeads compared to PHA and feeders are unclear and it is interesting that faster immune activation did not translate into better latency reversal. Of note, the three patients for whom virus was selectively not amplified with the bead-based assay had relatively low frequencies of latently infected cells in the PHA/ feeders assay: just one out of 25 wells was positive for PT14 and PT21 and three out of 30 wells were positive for PT8. When higher numbers of cells were tested, virus was amplified from all four patients using the PHA/feeders assay and two patients with the bead-based assay. Again the percentage of positive wells in PHA/feeders assay in these two patients (PT21 and PT40) was relatively low (four out of 30 wells). Thus, while there was not a statistically significant difference in the sensitivity of the two assays, the PHA/feeders assay appeared to be more effective at viral amplification in some patients. This advantage must be balanced against the fact that the need for feeders and a PHA washout step makes it much more labour intensive and costly than the bead-based assay. The bead-based assay would be particularly convenient when very large numbers of patient CD4 T cells are tested for residual replication-competent virus given the 10 to 1 ratio of feeders to patient CD4 T cells used in the PHA/feeder assay.
An additional measure for simplifying the bead-based assay would be to use a cell line such as MOLT-4/CCR5 cells [10] , or SupT1-CCR5 cells [11] instead of lymphoblasts from healthy donors for amplifying virus as previously described for the PHA/feeders assay. This would completely eliminate the need for any healthy donor cells in the culture. It will be interesting to compare the two assays using qPCR [10] or ultrasensitive p24 assays [12] for the detection step instead of the standard p24 assay to determine whether the bead-based assay leads to the production of virus at a level that is simply below the limit of detection of the standard assay. It will also be interesting to determine whether the bead-based assay results in less long-term CD4 T cell death than the PHA/feeders assay. This would make it a better assay to use for the repeated stimulation of CD4 T cells that is needed to trigger replication of non-induced viral clones that are refractory to a single round of T cell activation [13] .
In summary, the anti-CD3/CD28 bead-based assay represents an assay that is less labour intensive, but perhaps also slightly less sensitive than the PHA/feeders assay that can be used to measure the latent reservoir in clinical trials of latency-reversal agents.
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